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ABSTRACT — We present optical and structural studies 
of state-of-the-art InxGa1-xN thin films grown by molecular 
beam epitaxy (MBE) (31%<x<75%) on a GaN buffer layer. 
Photoluminescence (PL) is used to evaluate the band-gap of 
InxGa1-xN in terms of an empirical bowing-like formula. The 
obtained bowing parameter is b = 1.36 eV. For comparison 
purposes, we also perform PL measurements on InxGa1-xN 
samples (x<25%) grown by metal organic chemical vapour 
deposition. The results indicate the presence of a good 
crystallinity and homogeneity of our state-of-the-art MBE 
samples. Phase separation at the microscale range is 
reported by means of cathodoluminescence (CL). The 
obtained PL and CL luminescence emission energies are 
very similar under different conditions of temperature. 
Further analysis of this result concludes that the optical 
emission of InxGa1-xN exhibits the so-called S-shape 
behaviour. In addition, the potential effect of residual strain 
and composition fluctuations on the luminescence 
measurements are discussed. We also perform Raman 
measurements to study the two sets of samples, one grown by 
MBE and another one grown by metal organic chemical 
vapour deposition (MOCVD). A1(LO) and E2high  vibrational 
modes are observed and vary following the one mode 
behaviour. The existence of a secondary peak below the 
A1(LO) mode is discussed in terms of a disorder-activated 
mode. We observe that the A1(LO) phonon mode is shifted 
around 35cm-1 above the expected values. This result is 
attributed to be a consequence of compressive residual 
strain. The resonance behaviour of the A1(LO) mode is 
experimentally verified and studied under two different laser 
light energies, one close to the resonance case (Elight=2.41 
eV) and another one far from the resonance regime 
(Elight=3.8 1eV). Under green visible light the A1(LO) phonon 
frequency is observed to be higher than when the sample is 
excited with UV light. Different hypothesis are presented in 
this work in order to explain this result. 
 
Index terms — 4. Nanoelectronics Nanophotonics: 
Luminescence, phonons, nitride alloys, thin films, structural 
characterization. 
I. INTRODUCTION 
 
The InGaN ternary alloy is a direct band-gap semiconductor 
with band-gap energy values ranging from 3.4 eV for GaN in 
the ultraviolet (UV) down to 0.7 eV for InN in the infrared 
(IR) spectral region. Owing to this remarkable property, 
InGaN has great potential for the design of high-efficiency 
optoelectronic devices and light-emitting devices operating in 
the IR, visible, and UV regions of the electromagnetic 
spectrum. Given that InGaN covers most of the solar 
spectrum, this alloy system is attracting renewed interest for 
the design of novel high-efficiency solar tandem cells.1 
Since the fabrication of the first blue light-emitting diode 
(LED) made of InGaN in 1993 by Nakamura et al.,2 research 
on this material has greatly increased. InGaN has already 
become a very successful material for optoelectronics. In fact, 
multi-quantum-well (MQW) LEDs and laser diodes are under 
commercial production as they have proven to have a good 
luminous efficacy. A considerable amount of research is 
nowadays being carried out to improve the performance of 
InGaN-based devices.3,4 
Different composition ranges of the InGaN alloy system are 
interesting for different types of applications. For instance, 
InGaN with an In content around 90% yields emission at  ~1.7 
µm, which makes this particular composition highly attractive 
for optical telecommunications.5 Wide band-gap Ga-rich 
InGaN alloys are particularly interesting for high-power 
electronics. InGaN/GaN double heterojunction bipolar 
transistors (HBTs) have already been demonstrated.6 On the 
other hand, photoelectrochemical hydrogen production could 
be achieved by using InGaN-based devices with In 
concentrations of ~50%.7 
The production of high-quality InGaN is still challenging, 
which is mostly due to the lack of lattice-matched substrates 
for the growth. InGaN alloys are most usually grown by 
epitaxial techniques such as molecular beam epitaxy (MBE) or 
metal organic chemical vapor deposition (MOCVD) on 
sapphire substrates. The mismatch between the InGaN layers 
and the sapphire substrate, as well as the difference between 
the thermal expansion coefficient of the layer and the 
substrate, gives rise to a large density of dislocations in the 
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InGaN layers, which may be as high as 1010 cm-2. The as-
grown material displays strong composition fluctuations and 
even spinodal decomposition in the case of In-rich alloys. V-
defects appear in the growth interface below the critical layer 
thickness (CLT), i.e. the thickness above which total strain 
relaxation occurs.8 While compositional fluctuations reduce 
the optical quality of the InGaN samples, the optical properties 
of the alloy are strongly affected both by defects and strain.  
In general, the band gap of a ternary compound AxB1-xC 
does not vary linearly from the band-gap values of the two 
binary ends, ܧ௚௔௣஺஼  and ܧ௚௔௣஻஼ , but displays the following 
dependence on composition:  
 
ܧ௚௔௣ሺݔሻ ൌ ݔܧ௚௔௣஺஼ ൅ ሺ1 െ ݔሻܧ௚௔௣஻஼ െ ܾݔሺ1 െ ݔሻ,         (1) 
 
where b is the so-called bowing parameter and has units of 
energy. The determination of this value in InGaN has been the 
subject of many previous works, but mostly for In 
concentrations below 20%.9,10,11 J. Wu et al.12 investigated the 
dependence on composition of the band-gap of InGaN, and 
reported a bowing parameter of b = 1.43 eV. Using this result, 
G. Franssen et al.13 studied the Stokes shift in InGaN by 
means of photoluminescence. Supercell calculations based on 
density functional theory (DFT) predict that the bowing 
parameter is not constant along the whole composition range 
but is larger for smaller In contents.7 Given that the crystal 
quality of InGaN alloys plays a crucial role on their optical 
and electronic properties, there is a constant need to re-
evaluate the main parameters of the alloy, and in particular the 
value of the bowing parameter. The determination of the 
bowing parameter of InGaN by using high-quality samples 
will be one of the main aims of this work. 
 Raman scattering is a standard technique for the study of 
the vibrational properties of semiconductor materials and 
structures. Raman scattering is widely employed to 
characterize the crystal quality of semiconductors and to 
obtain information about strain, free-carrier effects or impurity 
incorporation. Several works have investigated the 
dependence on composition of the phonons of InGaN.14,15 It is 
now clear that the E2high and A1(LO) modes of InGaN exhibit a 
one-mode behavior. High phonon frequency shifts induced by 
strain have been reported by Raman spectroscopy in GaN, InN 
and InGaN samples,14,16,17 and the effect of strain along the 
depth of InGaN epilayers has been carefully 
investigated.14,18,19 Nevertheless, there are still open issues 
regarding the phonons of the InGaN alloy. First, samples with 
improved crystallinity should be investigated in order to 
confirm previous findings regarding the lattice dynamics of 
InGaN. On the other hand, the phonons around the 
intermediate compositions should be studied in more detail. 
In this work we present optical and vibrational studies on a 
series of state-of-the-art, high quality InGaN thin films grown 
by molecular beam epitaxy (MBE), covering the whole 
composition range. We perform photoluminescence (PL) 
measurements to determine the dependence on composition of 
the band-gap energy of InN. From the analysis of the PL data 
we obtain the bowing parameter of InGaN. For comparison, 
we perform PL measurements on a set of InGaN epilayers (x < 
25%)  grown by MOCVD. The PL emission clearly shows the 
improved optical quality of the MBE-grown material. 
Cathodoluminescence (CL) measurements are carried out in 
order to study the composition inhomogeneities within the 
samples grown by MBE. Mappings of the CL emission are 
presented, and the CL results are compared with the PL data. 
We study the vibrational properties of all the InGaN epilayers 
(MBE and MOCVD) by means of Raman scattering. The 
dependence of the E2high and A1(LO) phonon modes of InGaN 
on In content is studied along the whole composition range. 
We present Raman measurements excited under resonant and 
non-resonant conditions. From the non-resonant Raman 
spectra, we assess the crystal quality of the samples and we 
obtain information about the strain state of the InGaN 
epilayers. Strong intensity enhancement is observed for the 
A1(LO) mode under resonance. The role of strain and 
composition fluctuations on the selective resonance of the 
A1(LO) mode is discussed.   
II. SAMPLES AND METHODS 
II.1 Samples 
 
Two sets of InxGa1-xN samples were used for the present 
study. A first set of high-quality InxGa1-xN epilayers were 
grown by MBE on a 5-μm thick GaN buffer layer on top of 
sapphire (Al2O3). Growth of these samples was carried out at 
the Center for Advanced Materials of the University of 
Houston, Texas. The composition of these samples was x = 
0.31, 0.34, 0.4, 0.42, 0.46, 0.66 and 0.75. These values were 
obtained by x-ray diffraction (XRD) measurements. A second 
set of samples with low In content was grown by MOCVD20 
on GaN/sapphire templates (samples InGaN4, InGaN7, 
InGaN8 and InGaN9). These samples were grown at the 
Institute of Photonics of the University of Strathclyde, in 
Glasgow. The nominal In concentration of these epilayers was 
x=0.07, 0.105, 0.16 and 0.25. All samples were grown along 
the c axis of wurtzite. The composition and thickness of all the 
samples studied in this work are listed in Table 1.  
 
 
Table 1. In composition and epilayer thickness of the samples investigated in 
this work. 
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II.2 Characterization techniques and experimental 
conditions 
 
Optical characterization techniques give information about 
the optical and vibrational properties of a semiconductor. This 
work will use photoluminescence, cathodoluminescence and 
Raman spectroscopy for the study of the InGaN thin films. 
Some general applications of these techniques are the 
determination of the fundamental band gap energy, phase 
segregation, fluctuations on composition, strain, impurities 
and defects. All of these issues have been studied and are 
discussed in the present work for our InGaN samples. 
Given that the techniques here used are optical some 
considerations may be taken into account. For instance, 
exciting with light above the band gap of the sample will 
cause photoluminescence phenomena. Also attenuation of 
light depends on the photon energy and the fundamental band 
gap of the semiconductor. Taking into account light 
attenuation is critical in order to determine the region of the 
sample that corresponds to the observed signal. 
Several groups estimated the absorption coefficients for 
GaN or InN.21,22 Combining this results with the assumption 
that the absorption coefficient depends with light energy23 like 
Eq. (2), it is possible to estimate the depth profile of the 
outgoing signal.  
 
αሺxሻ ൌ α଴
ඥE୪ୟୱୣ୰ െ E୥ሺxሻ
E୪ୟୱୣ୰
                                          ሺ2ሻ 
 
Where Eg is the band gap energy of the alloy. Eq. (2) is only 
valid for light laser energies higher than the band gap energy 
of the alloy. It has been estimated that signals obtained under 
green laser excitation (Elaser=2.41eV) come from the top 
500nm of the samples. While for the case of the excitation 
under UV light (Elaser=3.81eV) almost all signal comes from 
the first 100nm in depth. 
 
II.2.1 Photoluminescence (PL) 
 
Photoluminescence is the process by which a material emits 
light once it has been excited by light of higher frequency 
(always above the band gap of the semiconductor). The 
incident light creates electron-hole pairs (also named excitons) 
inside the semiconductor that may recombine re-emitting 
photons. The study of the emitted light gives information 
about the electronic properties of the semiconductor such as 
the band gap energy or impurity levels. The technique of 
photoluminescence consists of a laser that excites the sample 
(creating excitons inside the sample), an optical system that 
recollects the outgoing light (which comes from radiative 
recombination of the excitons) and a spectrometer with a 
detector that measures the intensity of light at the different 
energies.  
There are several mechanisms of de-excitation process but 
the most typical is the band to band transition where electrons 
at the conduction band recombine with holes at the valence 
band emitting a photon with the energy of the band gap.  
At thermal equilibrium the excited electron-hole pairs relax 
to low energy levels. The most typical mechanism of radiative 
de-excitation is called band to band transition, where a free 
electron at the conduction band recombines with a free hole at 
the valence band. Nevertheless defects or impurities may 
introduce additional levels inside the band gap. These defects 
are known as recombination centers. 
The used device consists of a Jobin-Yvon FHR1000 
spectrometer equipped with a multichannel CCD Horiba Jobin 
Yvon detector. The excitation source is an Ar+ laser emitting 
green visible light at 514.5nm with a power of 100mW. Also a 
He-Cd laser emitting at 325nm was used for samples with less 
than 30% In content. Measurements were done at room 
temperature with backscattering configuration radiating the 
sample through the c-axis. No polarizers were used.  
 
II.2.2 Cathodoluminescence (CL) 
 
Cathodoluminescence, like photoluminescence, is the 
process by which an excited semiconductor emits light, but in 
this case the excitation source is the bombardment of electrons 
instead of light. Cathodoluminescence and photoluminescence 
techniques are said to be complementary as 
cathodoluminescence provide information of the spatial 
distribution of the luminescence, while photoluminescence 
provide macroscopic information of the luminescence spectra.  
When the incident electrons lose their kinetic energy into 
the sample many different processes may occur. Output signal 
that can be detected are X-ray photons, secondary electrons, 
backscattered electrons or cathodoluminescence light. In order 
to enhance cathodoluminescence signal a cryogenic cooling 
system is typically used. When the sample is cooled non-
radiative recombination processes are minimized thus spatial 
resolution can be enhanced. Also, at low temperature 
fundamental physical phenomena is more likely to be 
observed. On the other hand, the energy of the beam must be 
taken into account. The more kinetic energy the electrons 
have, the more signal can be observed from deeper into the 
sample. Also signal increases because the rate of electron-hole 
pair generation is proportional to the energy and intensity of 
the beam. 
CL measurements were done at the “Departamento de 
Física de la Materia Condensada (ETSII)” from the University 
of Valladolid. The used device was a mono-CL3 of Gatan. 
The detection system consisted in a CCD camera that can 
detect panchromatic light, but can also obtain a spectral image 
of a certain region. Maximum in-plane resolution of the used 
device is 200nm which is enough to detect non-uniformities of 
the samples at the microscale. But smaller crystal 
inhomogeneities cannot be distinguished. Electrons were 
accelerated at 20kV, thus exciting the whole thin film.18 
 
II.2.3 Raman spectroscopy 
 
Raman spectroscopy is a technique based on the inelastic 
scattering of light inside a material. There are several 
processes of inelastic scattering but they all involve the 
generation of a virtual exciton which may de-excite yielding 
some of its energy to a phonon. Then, the exciton recombines 
generating a photon, if the outer photon has more energy than 
the incident one (i.e. blueshifting) we say it is an Anti-Stokes 
process (annihilation of a phonon), but if the outer photon 
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redshifts (thus, creating phonons) we say it is a Stokes 
process. The energy shift between the laser light energy and 
the energy of the scattered photon correspond to the energy of 
the created or annihilated phonon. Both processes are 
equivalent and allow us to observe the same phonons but 
Stokes is more probable which implies more signal. In this 
work we study phonons by means of Raman-Stokes process. 
For Raman measurements a Jovin-Yvon T-64000 
spectrometer has been used. The light source consists of a 
green light (514.5 nm) provided by an Ar+ laser with an 
outing power of 100 mW. The configuration used for the 
measurements was backscattering (incident light is collected at 
the same direction of radiated light) with the dispersion 
geometry of z(xx)-z (polarization of the light is always on the 
vertical x axis, and the direction of the incident or scattered 
light is that of the c-axis of the wurtzite crystal). 
III. RESULTS AND DISCUSSION 
III.1 Photoluminescence (PL) 
 
PL measurements excited with the 514.5-nm line of an Ar 
laser were performed on the set of high-quality MBE-grown 
samples studied in this work. The aim of these measurements 
was to evaluate the composition dependence of the band-gap 
of InGaN. Note that the optical emission expected for these 
epilayers (In contents higher than ~30%) is below the energy 
of the excitation laser (2.41eV). No PL emission is observed 
in the case of the sample with the highest In content (75%), 
since the optical emission of this sample is expected in the IR 
spectral region, beyond the detection range of the CCD 
camera employed to acquire these measurements. The room-
temperature PL emission of the MBE-grown epilayers is 
shown in Figure 1.  
The observed optical emission at room temperature is 
attributed to radiative band-to-band transitions. The expected 
redshift of the optical emission with increasing In content is 
observed in the figure. Also, a widening of the peaks for 
 
 
Figure 1. Photoluminescence peaks are shown for samples grown by MBE. 
The peaks are normalized. 
 
intermediate compositions can be seen. It should be noted that 
the typical full width at half maximum (FWHM) of the PL 
peaks close to the composition extremes (InN or GaN, not 
shown) are much narrower than in the case of the intermediate 
compositions. This result is a consequence of the reduced 
crystallinity and increased inhomogeneity of the InGaN alloy 
for intermediate In/Ga contents. 
In the present work we assume that the band-gap of InGaN 
can be directly obtained from the maximum of the PL peaks. 
We plot in Fig. 2 the band-gap energy of the InGaN samples 
as a function of In concentration as obtained from the PL 
spectra. Room-temperature band-gap energy values for GaN 
(3.4 eV24) and InN (0.7eV25) have also been included in the 
figure and in the subsequent analysis. 
 In order to evaluate the bowing parameter b of the InGaN 
alloy, we have fitted only experimental data corresponding to 
our MBE-grown samples by using Eq. (1). From the fit we 
obtain a value of b = 1.36 eV. The result of the fit is plotted in 
Fig. 2 (solid line). This value is in excellent agreement with 
recent calculations based on density functional (DFT) theory, 7 
which predict a value of b = 1.36 eV for the whole 
composition range. These calculations predict a much higher 
value for the Ga-rich composition region (b = 2.29 eV at 
x~6%). Wu et al.12 performed optical studies on In-rich InGaN 
epilayers and found b = 1.43 eV, very similar to the result 
obtained here. In the case of studies dealing with Ga-rich 
samples,26 a bowing parameter of 2.5 eV was found. This 
value is slightly higher than that extracted from the DFT 
calculations. Thus, the present results, obtained on state-of-
the-art InGaN samples, seem to confirm the small band-gap 
bowing of the InGaN alloy system over the whole composition 
range. However, more work is needed to confirm this result 
and improve the determination of b. First, strain may strongly 
affect the band-gap value derived from the optical emission. 
Given that our samples may have residual strain as a result of 
the lattice mismatch between the epilayer and the GaN buffer 
layer, the band-gap values obtained from the PL spectra 
should be corrected for strain. On the other hand, the PL 
emission might be blueshifted due to the filling of the 
conduction band by photoexcited free carriers (Burstein-Moss 
effect).  PL measurements as a function of the incident laser 
power should be performed in order to evaluate the role of this 
effect on the optical emission of the InGaN samples. Besides, 
impurities in the samples may introduce electronic levels 
below the band gap of the alloy, giving rise to optical emission 
at longer wavelengths. In addition, the optical emission is 
known to be redshifted due to compositional (alloy) 
fluctuations, since the photoexcited carriers involved in the PL 
processes tend to occupy the lowest energy states (i.e., the 
carriers tend to recombine at regions with higher In contents).  
To study the role of composition fluctuations on the optical 
emission of our samples, the PL spectra should be compared 
with optical absorption measurements. In the absorption 
experiments the compositional fluctuations only give rise to a 
broadening of the absorption edge, and therefore the band gap 
determination is in general more reliable. The energy 
difference between both types of measurements, i.e., PL and 
absorption, is known as Stokes shift. In general, the Stokes 
shift is reduced at higher temperatures,27 since the free-carrier 
localization phenomena are less important owing to the  
Optical emission and Raman scattering in InGaN thin films grown by molecular beam epitaxy    Robert Oliva Vidal 
 
- 5 - 
 
Figure 2. Band gap of the InGaN alloy. By fitting the data with the empirical 
formula, Eq. (1), we obtain a bowing parameter of 1.36 eV. 
 
thermalization of the photoexcited carriers. In the case of 
InGaN, however, the PL measurements always show lower 
emission energies than the corresponding absorption edge, and 
the larger the alloy fluctuations, the higher the Stokes shift. 
Thus, Stokes shifts are more important at intermediate 
compositions (In compostion ~ 50%), far from the more 
homogeneous composition ends.10 
 For comparison purposes, we also performed PL 
measurements in the MOCVD-grown samples (In content 
under 30%, see Table 1.) The PL spectra of these samples can 
be seen in Fig. 3. All the spectra exhibit wide PL peaks. It 
should be noted that the optical emission of these samples 
corresponds to highly inhomogeneous material. The PL peaks 
changed in intensity and energy for different regions of the 
samples. This means that these samples are not uniform at a 
large scale. The appearance of two different PL peaks can be 
attributed to two different reasons: (i) phase separation; (ii) in-
depth strain variations. 
 
(i) We speculate that the main effect that explains the optical 
emission of these samples is phase separation. This means that 
the samples contain regions of higher In content (smaller band 
gap) embedded in regions with higher Ga content (higher band 
gap). Some autors28,29 proposed that secondary PL peaks occur 
because of quantum dot-like In-rich regions near the surface of 
the InGaN epilayers. The shift between the main and the 
secondary PL peaks that we observe in the MOCVD-grown 
samples, around 0.2-0.4 eV, is in agreement with the results 
reported in the literature. 
 
(ii) Strain relaxation might be responsible for the observed 
secondary PL peaks. Depth-resolved studies of InGaN thin 
films grown onto a GaN substrate18,30 showed that 
luminescence emission varies over depth. Two PL peaks were 
detected, one of higher energy arising from a deepest, 
compressively-strained region with a thickness below the 
critical layer thickness (CLT), and another one originated 
above the CLT, corresponding to the strained relaxed material  
 
 
Figure 3. Photoluminescence peaks are shown for samples grown by 
MOCVD. These peaks are much broader and irregular than the ones 
corresponding to the MBE-grown samples (see Figure 1). Emission in energy 
is also below our fit shown in Figure 2. 
 
that is grown above the strained region. Therefore, this type of 
PL signal is only found when the thickness of the InGaN films 
is larger than the CLT. The shift of the secondary peak relative 
to the main one is of the order of 0.3 eV, although this 
depends on the epilayer composition. Our PL data on the 
MOCVD-grown samples might be accounted for by this strain 
relaxation effect, since we observe that the secondary PL 
peaks are shifted between 0.2-0.4 eV. However, the actual 
values of CLT(x) are difficult to evaluate and depend on the 
growth conditions. According to the literature31,32  it can be 
concluded that almost all our samples (InGaN7, InGaN9 and 
InGaN4) have a thickness similar to the CLT. Only the 
thickness of sample InGaN8 is in principle much lower than 
the expected CLT for this composition (1 micron at In ~ 7%, 
see Table 1). Given that the PL spectra of this sample also 
show different peaks, we conclude that phase separation 
accounts for the PL spectra observed in this epilayer. 
 Also energy of emission is much below of our fit shown on 
Fig. 2. The high peak widths, the fluctuations at large scale 
(around centimetre scale) and emission at low energy are the 
evidences that these samples present high composition 
fluctuations in comparison to our MBE-grown samples. 
MOCVD-grown samples were not used to evaluate the 
bowing parameter as composition fluctuation effects are more 
important in comparison to our high quality MBE-grown 
samples.  
 
III.2 Cathodoluminescence (CL) 
 
In order to study the presence of different phases in the 
MBE samples studied in this work, we performed a CL 
characterization of some of these samples. In particular, CL 
experiments were performed on the following samples: A969 
(In=31%), A1004 (In=34%), A1010 (In=40%) and A1018 
(In=42%). These measurements were performed at 80 K. 
Panchromatic images of samples corresponding to In 
compositions of x = 0.34 and , x = 0.42 are shown in Figs.4 
and 5, respectively. CL emission spectra of different regions 
of these samples are also shown.  
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Figure 4. CL characterization of sample A1004. Top: Pancromatic image of a 
7.5x7.5µm region of this sample. Bottom: The CL spectra of two different 
points of this sample, showing the presence of In-rich domains emitting at 
longer wavelength. 
 
The CL panchromatic images and emission spectra show the 
different morphology of these samples. Typical spectra for 
sample A1004 are shown in Fig. 4. Sample A1004 is our 
thickest sample (960 nm). The panchromatic image shows that 
the CL emission of this sample is very inhomogeneous. Two 
types of regions can be identified: average regions, and In-rich 
regions. In the In-rich regions, two different CL peaks are 
observed. The main peak is located at around 570 nm and 
corresponds to average regions from the sample. At longer 
wavelength (>650 nm), a second CL peak is also detected. 
This peak can be attributed to In-rich regions within this 
sample. We estimate that the In content of the In-rich regions 
is around 30% larger than the average In content of this 
sample. Thus, the CL characterization shows that phase 
separation occurs in this thick InGaN epilayer. In contrast, the 
CL characterization performed in the rest of samples (A969, 
A1010 and A1018) shows that these are highly homogeneous. 
Figure 5 shows a panchromatic image and CL spectra for 
sample A1018. The CL emission of this sample is centered at 
around 620 nm, in agreement with the PL results. The width of 
the CL spectra of this sample is quite narrow, which provides 
an indication of the good crystal quality of this sample. The 
panchromatic images show the presence of micro-grains of 
around 1 µm in this sample. As can be seen in the image, the 
micro-grains are uniformly distributed. Similar results are 
found in the case of samples A969 and A1010. In the former, 
however, darker spots of around 5µm of diameter also appear 
in the CL images (not shown). Such dark grains emit at 
slightly higher energies. The appearance of these structures is 
at present not understood. In the future, it would be desirable 
to perform CL measurements on these samples as a function 
of the applied voltage in order to study different depths of the 
samples. In the case of the thicker epilayer (A1004), where 
phase segregation has been observed, such type of 
investigation could allow us to ascertain whether there exist 
strained regions just above the GaN buffer layer together with 
relaxed regions that have started to grow around the CLT.  
Finally, we compare the CL and PL data of the MBE-grown 
samples. As can be seen in Fig. 6, the peak energy as obtained 
by PL and CL is very similar. It can be seen in the figure that 
the CL emission is slightly redshifted relative to the PL 
emission. This is a somewhat surprising result, since the CL 
measurements were performed at 80 K. At lower 
temperatures, larger band-gap values (i.e., optical emission at 
longer wavelengths) are expected. However, it is well known 
that the optical emission in InGaN exhibits a so-called S-shape 
behavior. This occurs because the temperature dependence of 
the band gap shows two different behaviors at low and high 
temperatures. At low temperatures (T ≈ 10 K) the band gap is 
 
 
 
Figure 5. Top: Pancromatic image of sample A1018. A very uniform granular 
structure is observed. Bottom: A typical CL spectrum of this sample. 
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found to decrease with increasing temperature, which is the 
expected behavior since bond lengths increase with 
temperature. However, at a certain temperature the band gap 
energy reverses the trend and starts increasing,17 which is seen 
to occur at different threshold temperatures for different 
samples and experimental conditions (typically from 50 K to 
200 K17,27,33,34). The physical origin of this behavior is 
attributed to carrier localization effects arising from small 
fluctuations of composition. At higher temperatures, the trend 
is reversed by the thermalization of the free carriers. The small 
variation from 80 to 300 K that we found in the optical 
emission of our MBE-grown InGaN epilayers is in agreement 
with the results reported in previous works.  
 
 
Figure 6. PL and CL peak energy of the MBE-grown samples studied in this 
work. It is remarkable that the CL and PL results are very similar, although 
the CL emission, obtained at 80 K, is slightly less energetic. 
 
III.3 Raman scattering 
 
A. Composition dependence of the phonon modes of InGaN  
 
Next, we use Raman spectroscopy to study the two sets of 
InGaN samples used in this work. Figure 7 shows unpolarized, 
room-temperature Raman spectra of all the samples (7% <  x < 
75%). These spectra were acquired with the 325.0-nm line of a 
He-Cd laser. This excitation wavelength ensures non-resonant 
conditions for all samples. For clarity, the spectra of Fig. 7 
have been normalized and shifted along the vertical axis. 
Peaks corresponding to both the A1(LO) and the E2high modes 
of the InGaN alloy appear in all the spectra. Both peaks 
downshift with increasing the In content of the alloy. In the 
Ga-rich samples, both modes are close to those of bulk GaN 
(A1(LO)=734cm-1, E2h=568cm-1), while in the In-rich samples 
the frequency values of these peaks approach the frequency 
values of bulk InN (A1(LO)=586cm-1, E2h=488cm-1).35 The 
observed behavior of both modes, already reported in several 
previous works,17,14,15,36 is the typical of one-mode behavior of 
alloys.  
In addition to these two bands, an additional feature appears 
approximately 50 cm-1 below the A1(LO) peak in all the 
Raman spectra (see Fig. 7). As can be seen in the figure, this 
feature also shifts to lower frequencies with increasing In 
content. The intensity of this band is larger at the intermediate  
 
Figure 7. Raman peaks corresponding to the ternary alloy InxGa1-xN for 
different compositions. Vibrational modes E2high, A1(LO) and a secondary peak 
can be observed. Light source was in the UV spectral region (325nm). 
 
compositions. This is shown in Fig. 8, where we have plotted 
the intensity of this band relative to the intensity of the E2h 
mode as a function of In content. Many studies reported a 
similar Raman feature, i.e. a low frequency tail below the 
A1(LO) mode.14,15,17 This low-frequency tail was observed in 
previous works by using visible light as excitation radiation, 
i.e., under resonance or near  resonance. In our study we 
observe this tail both under UV excitation conditions and also 
by using visible radiation (spectra not shown). In the UV 
experiments, this secondary peak appears as a broad structure 
for all samples. It should be noted that the penetration depth of 
the UV measurements is low because of the high absorption 
coefficient of InGaN for the UV excitation radiation.21,22,23,37,38 
Regarding this result, it has to be pointed out that structural 
defects are known to exist in the shallowest regions of the 
InxGa1-xN films.14 We speculate that this secondary peak 
below the A1(LO) mode of InGaN can be attributed to Raman-
scattering by disorder-activated optical modes arising from 
structural disorder in the InGaN alloy. This is supported by the 
high phonon density of states that is theoretically predicted 
below the A1(LO) mode in both GaN and InN.39 In Figure 8 
we observe that the intensity of the secondary peak in the case 
of the samples with x~50% is enhanced by a factor of 2 
relative to the samples closer to the extremes, which supports 
the assignment of this band to a disorder-activated mode.  
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Figure 8. Intensity ratios of the Raman peaks. Both peaks, A1(LO) and the 
secondary peak are normalized in terms of the E2h peak which should remain 
constant. UV light source was used (325nm). A1(LO) peak decreases for 
higher In content. Also note that the secondary peak increases for 
intermediate composition which is more disordered and have more defects. 
 
The width of the E2high phonon mode in wurtzite 
semiconductors provides information about the crystal quality 
of the material. As can be observed in Fig. 9, the width of the 
E2h mode of all the InGaN samples exhibits a similar behavior 
to that of the intensity of the disorder-activated peak. In the 
case of the samples with x> 40%, the E2h peak is significantly 
wider with respect to the rest of samples. This shows the 
increased degree of crystalline disorder of the samples with 
intermediate compositions. The fact that the secondary peak is 
more intense in the samples with broader E2high peaks confirms 
that assignment of the secondary band as a disorder-activated 
mode.   
Figure 10 shows the dependence on In content of the E2high, 
and A1(LO) phonon modes of InGaN as well as of the 
disorder-activated mode that appears in the Raman spectra of 
the InGaN epilayers studied in this work. For completeness, 
 
 
Figure 9. Full width at half maximum (FWHM) of the E2h peak as a function 
of the In compositions (325.0 nm excitation). In the plot we have added two 
points corresponding to pure GaN and InN samples. 
 
we have included in this figure the frequency values obtained 
with 325- and 514.5-nm excitation. The figure clearly shows 
the one-mode behavior of the A1(LO) and E2high phonons of 
InGaN. It is well known that the dependence with composition 
of these two modes is almost linear, as observed in many 
previous experimental works and theoretically predicted by 
the modified random-element isodisplacement (MREI) 
model.40 As it can be seen in Figure 10, this is the case of the 
samples grown by MOCVD (see the set of 4 points in this 
figure in the Ga-rich end). However, in the case of the samples 
grown by MBE the frequency of the A1(LO) phonon mode is 
around 35 cm-1 higher than that predicted by the MREI model. 
Similarly, the frequency of the E2h mode in these  samples is 
above the values predicted by the MREI model. Given that the 
frequency of the E2high mode mainly depends on composition 
and strain and is not strongly affected by resonant effects, the 
results of Fig. 10 suggest that a high degree of compressive 
strain is present in the MBE-grown samples. Indeed, 
Hernández et al.15 reported similar observations in MBE-
grown samples, and suggested that the observed frequency 
shifts may be accounted for by residual compressive strain in 
the epilayers. With regard to this, x-ray-absorption fine-
structure measurements41 have shown  differences in the In-N 
and Ga-N bond lengths between samples grown by MOCVD 
and MBE. Such differences can be attributed to a different 
strain state in both types of epilayers after the growth process. 
Correia et al.14,17 used Raman scattering to study the strain in 
InGaN epilayers. For this purpose, these authors performed 
Raman measurements on samples with epilayer thicknesses 
above and below the CLT. They showed that the phonon 
modes of InGaN in relaxed epilayers with In contents up to 
30% display the linear behavior predicted by the MREI model. 
They also performed Raman measurements on a thick sample 
(x~24%) that was etched prior to the Raman measurements. 
This allowed the authors to probe the deepest regions of the 
epilayer below the CLT, i.e., pseudomorphically-grown 
regions just above the substrate. These authors observed an 
upward shift for the A1(LO) mode of approximately 30 cm-1 in 
the deepest regions. This value is similar to that obtained in 
our MBE-grown samples. These observations support the idea 
that compressive strain is responsible for the frequency shifts 
observed in our MBE-grown samples.  
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Figure 10. Phonon frequencies for the samples studied in this work as a 
function of In content. The circles correspond to the A1(LO) mode, the 
triangles correspond to the disorder-activated mode (see text), and the open 
squares correspond to the E2high mode. Data obtained by using UV light 
(325nm) is plotted with purple color, while green is used to represent the data 
obtained with the green visible light (514.5nm). 
 
B. Resonance behavior 
 
In Figure 8 we have plotted the intensity of the A1(LO) 
mode, normalized with respect to the E2h mode, as obtained 
from the UV Raman spectra of all our InGaN samples. 
Clearly, the intensity of the A1(LO) peak is larger in the Ga-
rich end of the alloy. In the case of these measurements, 
excited under non-resonant conditions, this effect can be 
almost entirely attributed to a reduction of the absorption 
coefficient of InGaN for the 325.0-nm light with increasing 
the Ga content of the alloy. In other words, the probing depth 
of these Raman measurements is larger in the case of the Ga-
rich samples, which have a wider band-gap. As a 
consequence, the scattering volume for these samples is larger, 
giving rise to increased Raman signals. 
However, in the case of the Raman measurements excited 
with the 514.5-nm line of the Ar laser, resonance enhancement 
occurs for the samples with band-gap values close to the 
energy of the excitation radiation. Under resonance or near 
resonance, the A1(LO) mode is excited through the Fröhlich 
mechanism, in which the electric field associated to the LO 
mode is responsible for the electron-LO phonon interaction. 
Resonant Raman scattering by LO modes through this 
particular mechanism gives rise to a strong intensity 
enhancement. Two types of resonant processes can take place, 
namely, incoming and outgoing resonance. Under incoming 
(outgoing) resonance, the excitation (scattered) light exactly 
matches a gap of the electronic band-structure of the material. 
In the case of intrinsic Fröhlich scattering, incoming and 
outgoing resonance are equivalent. In the case of impurity 
induced (extrinsic) processes, the outgoing resonance is 
stronger.42 
Figure 11 shows the absolute intensity, in counts per 
second, of the A1(LO) band of the samples studied in this 
work as a function of composition. In this case, we observe 
that around x~30% the intensity of this mode reaches a 
maximum. Around this composition, the intensity of the 
A1(LO) is three orders of magnitude higher relative to the 
samples in the In-rich extreme of the alloy. This result can be 
attributed to resonant enhancement through the Fröhlich 
interaction. Multiphonon bands also appear in the Raman 
spectra acquired under resonance (not shown, see also Ref.  
15). 
The frequency values of the A1(LO) mode of InGaN as 
obtained with the 514.5-nm excitation is consistently higher 
than those obtained with the UV measurements (see Figure 
10). These shifts could be related to the three following 
effects: 
 
(1) Wavevector dispersion of the A1(LO) mode could explain 
these results. Similar effects have recently been observed in 
the case of InN samples.43 
(2)These frequency shifts could be originated by the combined 
effect of selective resonant enhancement and compositional 
fluctuations. Assuming that there is a certain degree of 
compositional fluctuations in these samples, the regions 
closest to resonance could yield higher Raman signals in the 
visible measurements, which would shift the A1(LO) band 
towards the frequency value corresponding to the composition 
of those regions. This selective resonant enhancement would 
not occur in the case of the UV experiments, since in this case 
the excitation is away from resonance. In such case, the 
A1(LO) band would basically reflect the compositional 
distribution of each sample, and the peak maximum would 
correspond to the average composition of the sample.  
(3) A vertical strain gradient could also explain the different 
frequency values measured with visible and UV excitations. In 
this case, the visible measurements would probe deeper 
regions of the samples. Such regions closer to the substrate 
may be less relaxed than the shallowest regions probed by the 
UV light. As explained above, in the regions of the InGaN 
epilayers with higher degrees of compressive strain the 
frequency of the A1(LO) mode is higher, and this may explain 
the results of Fig. 11.  
 
At present, with the optical and Raman measurements 
performed so far, it is not possible to reach a definitive 
conclusion regarding the actual origin of the different 
frequency values obtained for the A1(LO) mode of InGaN 
with the UV and visible excitations. In the future, new 
experiments are planned in order to probe the strain state of 
the samples and its in-depth distribution. High-resolution x-
ray diffraction measurements, and in particular reciprocal 
space mappings, will allow us to obtain valuable information 
about the strain distribution within the epilayers. These 
measurements will also provide information about the 
presence of compositional gradients and/or phase separation in 
the InGaN samples. On the other hand, CL measurements 
performed with different voltages will enable us to probe 
shallow and deeper regions of the epilayers. From such 
experiments we expect it will possible to ascertain whether in-
depth strain distributions are present in these samples.   
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Figure 11. Intensity of the A1(LO) peak. The samples were excited with green 
light (514.5 nm). Maximum resonance corresponds to an alloy of a band gap 
of 2.41 eV. Assuming a bowing parameter of 1.36 eV, maximum resonance 
corresponds to an In composition of x = 0.27. 
IV. CONCLUSIONS 
 
   High quality InGaN epilayers with compositions covering 
the whole range have been characterized by using different 
optical and structural techniques. Despite the presence of 
strain and composition fluctuation effects a small bowing 
parameter of b = 1.36 eV has been detected through 
photoluminescence. This result is also supported by previous 
calculations based on density functional theory and by the 
cathodoluminescence measurements described in the present 
work. Cathodoluminescence experiments confirm the 
existence of indium composition fluctuations which explains 
the broadening and emission energy of the photoluminescence 
peaks. 
A Raman scattering study has also been carried out in order 
to study the phonon behaviour at the whole compositional 
range of our samples. The one-mode behaviour of A1(LO) and 
E2high modes has been confirmed. UV Raman measurements 
showed that the so-called low-frequency tail of the A1(LO) 
mode can be attributed to a disorder-activated mode. An 
important shift of the A1(LO) mode from the modified 
random-element isodisplacement model suggests that our 
samples are affected by residual strain. This result is in 
agreement with our luminescence measurements. An analysis 
of the relative intensity of the A1(LO) polar mode in relation 
to the E2high mode demonstrates that a resonance enhancement 
via Fröhlich interaction takes place in agreement with 
previous results. 
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